In this talk we discuss the recently completed and upcoming experiments on few-nucleon targets at the High Intensity γ-ray Source (HIγS) facility located at Triangle Universities Nuclear Laboratory (TUNL). Several experiments took place or are planned in order to measure the GerasimovDrell-Hearn sum rule integrand on various light nuclei below pion production threshold and extract information on the electromagnetic structure and spin polarizabilities of the nucleon. In this paper we focus more on the photodisintegration and Compton scattering experiments on polarized 3 He at the HIγS facility.
Photodisintegration of 3 He with Double Polarizations
An important window for the study of QCD is through the investigation of the structure and particularly the spin structure of the nucleon and few-body nuclei. Therefore sum rules involving the spin structure of the nucleon or nuclei are at the forefront of intensive experimental and theoretical efforts. Among sum rules, the GDH sum rule [1] is particularly interesting. This sum rule relates the energy-weighted difference of the spin-dependent total photo-absorption cross sections σ P (σ A ) for target spin and beam helicity parallel (antiparallel) to static properties of the target nucleon/nucleus, i.e. the anomalous magnetic moment and the mass, as follows:
where ν is the photon energy, ν thr is the pion production/photodisintegration threshold on the nucleon/nucleus, κ is the anomalous magnetic moment, M is the mass and I is the spin of the nucleon/nucleus. There have been worldwide efforts in testing the GDH sum rule on proton and neutron [2, 3] . More recently, experimental investigations of the GDH sum rule on nuclei such as the deuteron [4, 5, 6 ] and 3 He [7, 8, 9, 10] have begun at HIγS facility and elsewhere. The determination of the GDH sum rule on 3 He at the energy region between the two-body photodisintegration (∼5.5 MeV) and the pion production threshold (∼140 MeV) is particularly interesting for a number of reasons. This energy region has an important contribution to the overall sum rule [8, 11] and it is a region where one can test state-of-the-art three-body calculations.
A polarized 3 He target is commonly used as a polarized neutron target to extract the electromagnetic form factors [12, 13, 14] and the spin structure functions [15] of the neutron since the nuclear spin of 3 He is carried mostly by the unpaired neutron. To acquire information about the neutron using a polarized 3 He target, nuclear corrections relying on three-body calculations need to be used, but first they must be validated by experiments. The experimental determination of the GDH integral on 3 He can also test to what extent a polarized 3 He target is an effective polarized neutron target.
The GDH integral below pion threshold can be estimated based on two sets of three-body calculations which are performed mainly through the machinery of Faddeev [17] and Alt-GrassbergerSandhas equations (AGS) [18] and have been carried out for both two-body and three-body photodisintegration of 3 He with double polarizations. These calculations [19, 20] use a variety of nucleon-nucleon (NN) potentials like Argonne V18 (AV18) [21] or CD Bonn [22, 23] and threenucleon forces (3NFs) like Urbana IX (UIX) [24] or CD Bonn + ∆ [19] , with the latter yielding an effective 3NF through the ∆-isobar excitation. The maximum plateau value that both sets of calculations [19] ( [20] ) predict for the GDH integral of 3 He below pion threshold is ∼140 µb [8] which equals to the sum of the contributions from the three-body ∼170 µb (∼130 µb) and the two-body ∼-30 µb (∼10 µb) components.
The Experiments
Measurement of 3 He( γ, n)pp at E γ = 12.8, 14.7 and 16.5 MeV
The experiments [7, 8] on the three-body photodisintegration of 3 He using a longitudinally polarized 3 He target and a circularly polarized γ-ray beam took place at the HIγS facility [25] 
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Latest Results on Few-Body Physics from HIγS Haiyan Gao of TUNL at the incident photon energies of 12.8, 14.7 and 16.5 MeV. A nearly mono-energetic, ∼100% circularly-polarized pulsed γ-ray beam was used. The beam was collimated using a 12 mm diameter collimator resulting in on-target intensities of (0.7-2.0)×10 8 γ/s and an energy spread of ∆ν/ν ∼3.0-5.0%. The on-target intensity of the beam was determined using the well-known d(γ,n)p cross section [26] and two BC501A liquid scintillator neutron detectors mounted at a scattering angle of 90 • downstream of the 3 He target.
Upstream of the flux monitor, the polarized γ-beam was incident on a polarized 3 He cell. The 3 He target, named SPOT, used for all experiments both on two-and three-body photodisintegration is a single piece of pyrex glassware coated with a thin layer of GE180 glass. The 3 He density of SPOT is 6.4±0.2 amg. A N 2 reference cell was used for background subtraction. Details concerning their technical characteristics and the spin exchange optical pumping technique used to polarize the 3 He target can be found in [7, 8, 27, 28, 29] . In order to form the parallel (antiparallel) configurations of the 3 He spin with the beam helicity, and extract the spin-dependent cross sections and the GDH integrand, (σ P − σ A )/ν, the spin of the target was flipped every 15 mins during all experiments. This time interval was small enough to suppress relevant systematic uncertainties. The polarization of the 3 He target was measured using the nuclear magnetic resonance-adiabatic fast passage (NMR-AFP) [30] technique calibrated by electron paramagnetic resonance (EPR) method [31] . 3 He target polarization was found to be between 33% and 45%.
An array of sixteen liquid scintillator BC-501A counters was used to detect the neutrons from the 3 He( γ, n)pp reaction. The detectors were placed at the horizontal plane every 15 • , symmetrically on each side of the beam, at laboratory scattering angles from 30 • to 165 • . No detectors were placed at the laboratory angles between 60 • and 120 • due to the proximity to a pair of Helmholtz coils which provided the holding field for the polarized 3 He target.
Three quantities were recorded for each event: the pulse height (PH), the time-of-flight (TOF) and the pulse shape discrimination (PSD) signals. Initially, a PH cut was applied at 0.162 MeV ee 1 to set the detector threshold. The correlations between the PSD, PH and TOF were utilized to extract the neutron events and to remove the γ-ray events and two-dimensional cuts were applied on these histograms. The same cuts were used for the data taken with the N 2 reference cell to subtract the background contributions. The outgoing neutron energy was determined using the measured TOF of the neutrons assuming they were produced from the center of the 3 He target cell. More details about this analysis can be found in [7, 8] .
The spin-dependent double-, single-differential and total cross sections, and the contributions of the three-body photodisintegration of 3 He to the GDH integrand were obtained [7, 8] and compared with the state-of the-art three-body calculations [19, 20] at all incident energies. Although a very good agreement was observed between the measurements [7, 8] and the calculations based on [19] at 12.8 and 14.7 MeV, a difference between the measured GDH integrand and the calculations was found at the incident photon energy of 16.5 MeV. The measured GDH integrand at 16.5 MeV was found to be slightly more than one standard deviation larger than the maximum calculated value based on [19] .
To investigate whether the larger than expected GDH integrand value at 16.5 MeV is due to statistics and to further quantify the three-body contribution to the GDH integral, measurements
Latest Results on Few-Body Physics from HIγS Haiyan Gao above 16.5 MeV for the three-body photodisintegration channel are necessary. These measurements combined with the recently acquired data from the two-body photodisintegration channel [8] will constrain the contribution to the GDH integral for 3 He below the pion-threshold.
Measurement of
The first measurement on the two-body photodisintegration of 3 He with double polarizations at incident photon energy of 29.0 MeV was performed in May 2014. The nearly monoenergetic, ∼100% circularly-polarized γ-ray beam of HIγS was used and almost two hundred hours of production data were acquired on both 3 He and N 2 reference cells. The protons from the two-body photodisintegration of polarized 3 He were detected by 72 fully depleted silicon detectors placed every 25 • at proton scattering angles between 45 • and 120 • degrees (18 detectors at each angle). Six aluminum hemispheres were used to place the detectors ∼10 cm away from the center of the 3 He target chamber (three on each side of the cell facing each other). Each hemisphere housed up to twelve detectors and allowed to maximize the number of detectors around the 3 He cell.
As in the case of the three-body photodisintegration experiments, the spin exchange optical pumping [27] technique was used to polarize the 3 He target named SPOT and the NMR-AFP [30] and EPR [31] techniques were used to measure its polarization. 
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Latest Results on Few-Body Physics from HIγS Haiyan Gao gration the glass thickness is of utmost importance for the precise simulation of the energy loss of the protons in the glass. The glass thickness implemented in the simulation is modified accordingly and always within the range dictated by measurements taken throughout the 3 He and N 2 reference cells at the University of Virginia. The same procedure needs to be repeated for both 3 He and N 2 reference cells until all simulated spectra at all proton scattering angles match the shape of the observed experimental proton yield spectra. The data analysis is currently in progress and quantities such as spin-dependent single-differential and total cross sections and the 3 He GDH integrand value from the two-body break-up at 29.0 MeV will be extracted soon. The extension of these measurements to higher photon energies and the performance of measurements on three-body breakup channel above 16.5 MeV will provide crucial tests of the differential cross sections, the energy dependence of the predictions, and whether the contribution to the GDH integral is indeed dominated by the three-body channel below the pion threshold. These measurements, when combined with data above pion threshold from other laboratories, will directly test the 3 He GDH sum rule prediction.
Compton Scattering on 3 He nuclei with Double Polarizations
Neutrons and protons (nucleons) are basic building blocks of the visible matter in the universe. To understand the internal structures of nucleons, probes of electrons, photons, etc, have been used in various experiments. The response of nucleons to an external electromagnetic field has been studied and parameterized by quantities called polarizabilities. The spin-independent response of nucleons to an external electromagnetic field can be parameterized by electromagnetic polarizabilities α and β , while the spin-dependent ones are parameterized by spin polarizabilities γ 1 , γ 2 , γ 3 and γ 4 [33] . The physics picture of the polarizabilities has been discussed in more detail in [33, 34] .
One common way to describe the behavior of nucleons in an external electromagnetic (EM) field is to treat the EM field quantized as photons, and expand the Hamiltonian of interaction between the nucleon and the EM field in orders of power of the photon energy (ω) [34, 35] . Electric field ( E) and magnetic field ( B) are of order 1, because they involve spatial and time derivatives of the four-vector potential field (A µ ), while A µ is defined to be of order 0. The general amplitude for Compton scattering can be derived from the Hamiltonian. Electromagnetic polarizabilities α and β are parameters for the second order terms. Combinations of spin polarizabilities γ 1 , γ 2 , γ 3 and γ 4 appear as parameters for the third order terms. The forward and backward spin polarizabilities (γ 0 = γ 1 − γ 2 − 2γ 4 and γ π = γ 1 + γ 2 + 2γ 4 , respectively) are also employed in experiments and theories.
Expansion of the Hamiltonian up to the third order of the photon energy involves both electromagnetic and spin polarizabilities [34, 35, 36, 37] :
where p stands for momentum of the particle (nucleon in this case), A for vector potential of the EM field, e for the unit electric charge, Z for number of unit charges of the nucleon, φ for electric
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) and summation over repeated index is assumed.
The scattering amplitude can be calculated based on Eq. (1) [34] as:
where
and Z is the number of unit charge e of the nucleon, κ is the anomalous magnetic moment of the nucleon, M N is the mass of the nucleon, ω is the photon energy, z is the cosine of the scattering angle θ . The ε and ε are the polarizations of incoming and outgoing photons, respectively. The terms A π 0 3 , A π 0 5 , A π 0 6 are contributions from π 0 pole. The details of π 0 pole contributions are discussed in [34, 35] .
More details of the theoretical basis and some of the previous experimental extractions of the polarizabilities are presented in [34] . The newest data measuring the electromagnetic polarizabilities of neutron using the Baldin sum rule was published in [38] : The current world data for electromagnetic polarizabilities α and β of proton and neutron are shown in Fig. 2 [39] .
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Compton experiments at HIγS Facility
The Compton Scattering experiment on unpolarized liquid hydrogen target [42] at HIγS will be the first measurement of α p and β p (subscript p for proton) without using the Baldin Sum-Rule, and will have the same level of accuracy as of extraction based on the sum rule from previous experiments. The theoretical study of Compton scattering off proton targets using effective field theory in addition to Eq. (2) is presented in [44] , which serves as the theoretical basis of the Baldin Sum-Rule independent extraction of α p and β p using linearly polarized γ beams. In this experiment linearly polarized γ beam at 85 MeV beam energy scattered from the target will be detected by the HIγS NaI Detector Array (HINDA).
The Compton Scattering experiment on unpolarized liquid deuteron target [42] at HIγS will enable the EFT extraction of β n to better than 20% uncertainty, while the current extraction is at a level of 40% which is dominated by the statistical uncertainty [38] . The extraction of α n and β n from Compton Scattering data on deuteron target with input of proton electromagnetic polarizabilities from other experiments is presented in [38] and references therein. In this experiment, circularly polarized γ beam at 65 and 100 MeV will be scattered from unpolarized liquid deuteron target. The scattered photons will be detected by HINDA.
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The Double-polarized Compton Scattering experiment at HIγS will provide access to three of the four neutron spin polarizabilities (γ 1 , γ 2 and γ 4 ), by measuring spin-dependent differential cross sections from elastic Compton scattering of circularly polarized photons on a high-pressure polarized 3 He target. Favorable photon beam conditions include a photon energy above 120 MeV, a minimum photon flux of 5 × 10 7 γ/sec and photon energy spread of less than 3.0%. Photons scattered from the 3 He target will be detected by HINDA. Sensivity to the γ's is provided by forming the spin dependent differential cross section differences.
The spin dependent differential cross section differences ∆ z and ∆ x correspond to target spin being parallel and perpendicular to the circularly polarized photon beam, respectively.
The first arrow in each differential cross section (DCS) dσ dΩ corresponds to the photon beam polarization (along its momentum direction). The second arrow corresponds to the direction of target polarization. The DCS for nucleon target with certain beam and target polarization can be calculated using the amplitude as in Eq. (2), while the much more complicated 3 He case has been calculated by D. Shukla using chiral perturbation theory (χPT) [35, 36, 37] . The sensitivity of ∆ z to neutron spin polarizability γ 1 is shown in Fig. 3 [35, 36, 37] . Experimentally measured ∆ z (simulated ∆ z at three scattering angles are shown in Fig. 3 as an example) will be fitted to the theoretical calculations by setting spin polarizabilities as fit parameters (Fig. 3 ). [35, 36, 37] . Different curves correspond to varying γ 1 by cerntain amounts (∆γ 1 ).
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